ABSTRACT
INTRODUCTION
Ethidium bromide (EB) binds to nucleic acids or chromatin mainly in two ways: (a) a strong binding in which the dye molecule is intercalated between two base pairs of double-helical nucleic acids; and (b) a weak electrostatic binding of EB to the outside phosphate groups of nucleic acids (for review see reference 1). Intercalating binding of EB to either DNA or chromatin can be measured by circular dichroism (CD), since the intercalation induces a positive CD band between 300 and 360 nm, with a peak at 308 nm (2,3). Weakly bound and free dye molecules do not acquire optical activity. We have chosen this technique to study the intercalation binding of EB to the nucleolus isolated from HeLa cells. Selection of the nucleolus was based on the following considerations: (a) it represents a small and well-defined portion of the eukaryotic genome, the amount of DNA in the nucleolus being 3-5% of the total DNA; (b) it can be easily Isolated in a highly reproducible form, preserving at the same time some of its functional activities (4,5); (c) 1t has a functional specialization (6) , that is, the synthesis of ribosomal RNA which constitutes 40-505! of the total nuclear RNA synthesis (7, 8) ; (d) the main product of the nucieoius, ribosomal RNA, i s easy to i d e n t i f y ; and f i n a l l y (e) the nucleoius is known to be involved in c e l l growth, especially in the t r a n s i t i o n of resting (G o ) cells to the cycling state (9) (10) (11) (12) (13) .
MATERIALS AND METHODS

Materials
Ethidium bromide and c a l f thymus DNA (type I) were purchased from Sigma.
DNase I (DPFF, RNase free) and RNase A were from Worthington. Nonidet P40 was from Shell Chem. Co. Pronase (B grade, free of nucleases) was from Calbiochem.
[ H]-uridine and [ H]-thymidine were purchased from New England Nuclear Corp.
I s o l a t i o n of HeLa Cell Nucleoli
HeLa c e l l s logarithmically grown in suspension culture f o r 2 days were c o l lected by centrifugation at 1,000 x g for 3 min in a swinging bucket rotor in an RC-3 Sorvall centrifuge. A l l subsequent centrifugations were performed in an International centrifuge at 0-4°. The isolation of nucleoli was essentially according to the procedure of Muramatsu et al_. ( 5 ) , with s l i g h t modifications.
The c e l l p e l l e t was washed twice with 20 vol of complete Hanks' solution and collected by centrifugation at 2,000 rpm (715 x g) f o r 3 min. The c e l l p e l l e t was then resuspended in 20 vol of reticulocyte standard buffer (10 mM NaCl, 1.5 mM MgCl 2 and 10 mM Tris-HCl, pH 7.4). The suspension was kept at 0° f o r 10 min and then centrifuged at 2,000 rpm (715 x g) f o r 5 min. The c e l l p e l l e t was resuspended in 10 vol of reticulocyte standard buffer and the detergent Nonidet P40 was added to 0.25% ( v / v ) . After mixing, the suspension was homogenized in a t i g h t Dounce homogenizer to break the c e l l s . The complete breakage of cells was monitored with a l i g h t microscope after staining with 0.12 toluidine blue and usually 10-15 up and down strokes were s u f f i c i e n t . The suspension was centrifuged at 2,500 rpm (1,120 x g) for 10 min to obtain a p e l l e t of crude nuclei which were then resuspended in 10-20 vol of 0.25 M sucrose solution cont a i n i n g 3.3 mM CaCl 2 f o r 10-15 min. The suspension was then layered over an equal volume of 0.88 M sucrose solution and centrifuged at 3,000 rpm (1,600 x g) f o r 10 min to obtain a p e l l e t of clean nuclei. I f nuclei are not s a t i s f a c t o r il y clean, the last step can be repeated.
The clean nuclei were suspended in 10 vol of 0.34 M sucrose s o l u t i o n , mixed and sonicated with a Branson Sonifier in a beaker or conical glass test tube cooled by ice water. The sonication was performed at a setting of 2 to 3 with an output of 65 to 70 w a t t s , at 15-30 second i n t e r v a l s , each of which was followed by a cooling time of 30-60 seconds. The completion of nuclear breakage was checked with a l i g h t microscope a f t e r toluidine blue s t a i n i n g . Usually sonication for a total of 2-3 min was s u f f i c i e n t . The sonicated suspension was layered over an equal volume of 0.88 M sucrose solution and centrifuged at 3,000 rpm (1,600 x g) for 20 min to collect the nucleoli.
The nucleoli collected under these conditions have a ratio DNA : RNA : protein = 1 : 0.69-0.9 : 7-12. In this procedure, treatment of isolated nuclei with CaC^ hardens the perinucleolar chromatin which is then isolated as an integral part of the nucleoli (4). Less than 1% of the total nucleolar DNA is rDNA (14) .
Preparation of Chromatin
The procedures for the culture of WI-38 human diploid fibroblast cells and AF8 cells (temperature-sensitive mutant of BHK 21/13 c e l l s ) , and for the i s o l ation of unsheared chromatin have been previously described in detail (15, 16) . 
RNase and DNase Digestions
Procedures for both RNase and DNase digestions have been described (19) .
Nucleoli in 50 mM Tris-HCl, pH 7.0 or 7.5 (A 260 = 1 -3 ) , were incubated with 1 mg/ml ribonuclease A at 37° for 2 hours with constant shaking. Ribonuclease 
Isolation of RNA from Ribosomes
HeLa cell ribosomes were isolated by a previously described procedure (21) but omitting the use of bentonite. Pure ribosomal RNA was obtained by repeated extraction with phenol and chloroform-isoamyl alcohol (24 : 1 by V : V), diges- 
19).
Comparison with Chromatin and DNA Figure 3 shows the variation of [Slo-in with r for calf thymus DNA, purified DNA from HeLa cell nucleoli and from extra-nudeolar chromatin, and purified HeLa cell r-RNA. Both [SLin and r are expressed in DNA-phosphate concentration for all DNA preparations, but in RNA-phosphate concentration for r-RNA. I t is clear that the induced e l l i p t i c i t y due to EB binding for the two HeLa cell DNA preparations is somewhat lower than that for calf thymus DNA; i t is even lower for r-RNA. However, the e l l i p t i c i t y of both purified nucleolar DNA and r-RNA is much higher than that of their respective counterparts in RNase or DNase deg . cm /dmole of DNA-phosphate compared to 2,250 (26%) for RNase digested nucleoli, and purified r-RNA has a [ S I I I Q of 3,000deg . cm /dmole of RNAphosphate compared to only about 450 (14%) for DNase digested nucleoli (cf. Figure 2 ). Clearly, both DNA and RNA in isolated nucleoli exhbit lower induced e l l i p t i c i t y by EB intercalation than in free form in solution; the decrease in induced e l l i p t i c i t y is even more pronounced for RNA than for DNA. The binding of EB to nucleoli was also studied by spectrof1uorometric t i t r ation. Results of the Scatchard plots are shown in Figure 6 . Table II are approximate values.
Data from binding studies by spectrofluorometry seem to support the conclusion from CD studies that DNA in nucleoli is less accessible to EB intercalation than that in free form or in chromatin, and that in HeLa nucleoli, most of the EB molecules intercalate with DNA rather than RNA. Changes in intercalating binding of EB to isolated whole chromatin have been described in different stages of maturation of the avian erythrocyte (29) , in resting cells stimulated to proliferate (30) and in various phases of the cell cycle in HeLa cells (31) . This binding has also been postulated to reflect the transcriptional activity of the genome, both in bacteria (32, 33) and in eukaryotes (28, 29) . Our data have shown that DNA in the nucleolus seems to be less accessible to EB than DNA in whole chromatin, a finding in agreement with the observation that the former has a lower positive circular dichroism than the latter in the 250-300 nm region (19) .
DISCUSSION
The decreased accessibility of RNA in the nucleolus in comparison to r-RNA is also of interest. I t is possible that in such a condensed structure like the nucleolus, RNA molecules, which are complexed with protein, may not be as free as purified r-RNA in solution to fold on themselves and form double-helical structures. Alternatively, the RNA molecules may have the same degree of basepairing but with an altered conformation which does not favor the EB binding. We have observed in the 250-300 nm region a 2.5-fold decrease in positive CD e l l i p t i c i t y and a red shift in peak (from 265 nm to 269-270 nm) for RNA complexed with proteins in HeLa cell nucleoli, when compared to nucleolar RNA measured in the presence of 1% sodium dodecyl sulfate (19) . We realize that the proper control for RNA component in nucleoli would have been the purified protein-free nucleolar RNA, but the difficuiiyof obtaining i t in sufficient amounts and the fact that most nucleolar RNA is r-RNA precursor seem to justify our choice without invalidating our conclusion.
Digestions of nucleoli with DNase or RNase have been successfully used in electron microscopic studies of in vivo structures of DNA and RNA (4, 34) . Digestion with RNase was also used to study the in vivo conformations of DNA and RNA (by CD) in Physarum polycephalum chromatin (35) , which contains as much RNA as DNA. In a previous study (19) we have used the DNase and RNase digestions to obtain the individual CD spectra (250-300 nm) of DNA and RNA in HeLa cell nucleoli. The spectra of the nucleolar RNA obtained after DNase digestion is similar to the difference spectra deduced from the spectral difference between the untreated and the RNase digested nucleoli. Thus, DNase and RNase digestions seem to cause little change in conformation of the remaining RNA and DNA, respectively. A similar situation occurs in EB-induced CD ellipticity. As shown in Figure 2 , the variation of [ 9 ] 3 1 Q with r for the binding of EB to the DNase digested nucleoli is similar to that deduced from the spectral difference at 310 nm between the untreated and the RNase digested nucleoli, indicating a preservation in EB binding capacity of the remaining polynucleotide after DNase or RNase digestion. Finally, the secondary structure of proteins was preserved in the digested residues since the molar ellipticity at 225 nm remains virtually unchanged after RNase or DNase digestion.
The low [ 6 ] 3 1 0 for both purified HeLa cell nucleolar and extra-nucleolar DNA preparations in comparison to calf thymus DNA is not clear. Because of the slightly lower.A 260 /A 230 ratio of HeLa cell nucleolar DNA than that of calf thymus DNA, one would think that the difference in [ 9 ] 3 1 0 is due to more protein contamination in nucleolar DNA. However, it is then difficult to explain the low [9] 3 -|Q for extra-nucleolar HeLa DNA which has a higher A 2 6 0 /A 2 3 0 ratio than calf thymus DNA. The slight difference in base composition (43% C+G for calf thymus DNA and 40% for HeLa DNA) is probably not the reason since the magnitude of the induced ellipticity of EB-DNA has been shown to be independent of base composition (2). A difference in base sequence between these DNA preparations as an explanation cannot be ruled out since the magnitude of the induced CD band varied when EB was bound to synthetic polydeoxyribonucleic acids with different base sequences (36) .
Due to the size and the particulate nature, CD measurements of the isolated nucleoli, like those of chromatin or nuclei, may be complicated by light scattering artifacts such as differential light scattering and absorption flattening (37,38,39). These artifacts, especially the latter (39) are usually maximal at the peak of optical absorption (below 300 nm for polynucleotides). The EB induced CD spectra were measured in the 300-360 nm region and were found almost independent of the distance between the cuvette and the CD photomultiplier (from 3 cm to 13 cm). Thus, the scattering artifacts would be minimal. The scattering artifacts should have little effect on the fluorometric studies since the excitation (540 nm) and the emission (590 nm) wavelengths used in these studies are far beyond the absorption range of both DNA and RNA. Under this condition, the scattering peaks are usually separated from the intrinsic fluorescence peak (40) .
In summary, circular dichroism at 310 nm can be used to study the structure and function of the isolated nucleolus by determining its accesibility to
